D2-like agonists, such as quinpirole, maintain responding in monkeys, rats, and mice when they are substituted for cocaine. This study examined the influence of operant history and cocaine-paired stimuli (CS) on quinpirolemaintained responding in rats trained to nose poke for cocaine. Upon acquisition of responding for cocaine, substitutions were performed in the presence or absence of injection-CS pairings. Although cocaine maintained responding regardless of whether injections were accompanied by CS, quinpirole maintained responding only when CS were paired with injections. To assess the influence of operant history, injections of cocaine, quinpirole, remifentanil, nicotine, or saline were made available on a previously inactive lever, while nose pokes continued to result in CS presentation. Although responding was reallocated from the nose poke to the lever when cocaine or remifentanil was available, lever presses remained low, and nose poking persisted when quinpirole or nicotine was made contingent upon lever presses. Finally, quinpirole pretreatments resulted in high rates of nose poking when nose pokes resulted in CS presentation alone, but failed to maintain nose poking when the CS was omitted. Taken together, these results suggest that the response-maintaining effects of quinpirole are primarily mediated by an enhancement of the conditioned reinforcing effects of earlier CS, rather than by a reinforcing effect of quinpirole.
Influence of conditioned reinforcement on the response-maintaining effects of quinpirole in rats Introduction A growing body of evidence suggests that dopamine D2 and D3 receptors play important roles in a variety of aspects of drug addiction, and other compulsive behaviors (e.g. Heidbreder et al., 2005; Newman et al., 2005; Everitt et al., 2008) . For instance, with respect to drug addiction, PET studies in humans, monkeys, and rats have shown that lower levels of striatal D2-like receptor availability are not only correlated with the positive subjective (Volkow et al., 1999) and reinforcing effects (Morgan et al., 2002) of psychostimulants, such as cocaine, but also personality traits, such as impulsivity, that may predispose individuals to abuse cocaine (Dalley et al., 2007) . In addition, a variety of D3 and D2/D3 antagonists and partial agonists have been shown to inhibit the cue-induced reinstatement of responding for cocaine (Gilbert et al., 2005; Gal and Gyertyan, 2006; Cervo et al., 2007) , as well as cuemaintained responding in second-order schedules of cocaine-reinforcement (Pilla et al., 1999; , suggesting that the D3 and D2 receptors may also play an important role in conditioned reinforcement.
Alternatively, a growing number of reports have linked the use of D2-like agonists, in the treatment of Parkinson's disease or restless-leg syndrome, with the development of compulsive patterns of goal-directed behaviors, such as gambling, shopping, eating, and hypersexuality (e.g. Weintraub et al., 2006; Voon and Fox, 2007) . When taken together with the findings that the D2 and D3 receptors play important roles in both the primary reinforcing effects of drugs of abuse, such as cocaine, as well as the conditioned reinforcing effects of stimuli that have been associated with cocaine, these findings suggest that D2 and D3 receptors may be intimately involved in the development or maintenance of compulsive or habitually maintained patterns of goal-directed behaviors associated with both drug and behavioral addictions.
This notion is further supported by the effects of D2-like agonists in a variety of animal models of drug abuse and compulsion. For instance, D2-like agonists have been shown to maintain self-administration behavior in monkeys (Woolverton et al., 1984; Nader and Mach, 1996; Sinnott et al., 1999) , rats (Caine and Koob, 1993; Collins and Woods, 2007) , and mice (Caine et al., 2002) , suggesting that they possess reinforcing properties in laboratory animals. However, the fact that the responsemaintaining effects of these agonists are observed only if the animals have a relatively specific history of drug reinforcement (Collins and Woods, 2007) , suggests that D2-like agonists do not function as traditional drug reinforcers. In addition to these effects, D2-like agonists, such as quinpirole, have been shown to induce compulsive checking behavior (e.g. Szechtman et al., 1998; Dvorkin et al., 2006) , excessive responding for water, an effect that persisted even when water was freely available (Amato et al., 2006) , perseverative responding in the absence of primary reinforcement (Kurylo and Tanguay, 2003; Kurylo, 2004) , and excessive responding in a signal-attenuation model of obsessive-compulsive disorder (Joel et al., 2001) , suggesting that D2 and/or D3 receptors may be involved in the development of a variety of compulsive-like behaviors in rats.
Although humans do not generally abuse D2-like agonists (except patients with dopamine dysregulation syndrome; O'Sullivan et al., 2009 ), a variety of compulsive behaviors have been reported in patients being treated with D2-like agonists, including pramipexole and ropinirole. Although originally described as an increased occurrence of pathological gambling in Parkinson's patients (Driver-Dunckley et al., 2003) , a variety of other compulsive behaviors have been reported in Parkinson's, restless-leg, and fibromyalgia patients being treated with pramipexole or ropinirole, including compulsive eating, compulsive shopping, and hypersexuality. Although the overall prevalence of such compulsive behaviors is currently estimated to range from 0.7 to 14% (e.g. Voon et al., 2006; Driver-Dunckley et al., 2007; Weintraub, 2008; Holman, 2009 ), specific risk factors for the development of such compulsive behaviors are yet to be fully elucidated. However, it is thought that male sex, younger age of disease onset, and history of drug or alcohol abuse increase the likelihood for developing an impulse control disorder (e.g. Voon and Fox, 2007; Weintraub, 2008) . Although the mechanisms responsible for the development of impulse control disorders are currently unknown, it is important to note that all of these behaviors are goal-directed behaviors, and therefore are likely influenced by environmental stimuli. Moreover, the fact that these problematic behaviors typically resolve after dose reduction or cessation of treatment with pramipexole or ropinirole, suggests that these D3/D2 agonists play a causal role in the development and/or maintenance of these compulsive behaviors.
When taken together with the evidence linking D2/D3 receptors to the primary reinforcing effects of drugs of abuse, and conditioned reinforcing effects of stimuli associated with their use, the development of impulse control disorders in patients and induction of compulsivelike behaviors in animals treated with D2-like agonists represent a very intriguing psychopharmacological phenomenon. Moreover, the elucidation of the variables that underlie these behavioral effects may provide valuable insight into the mechanisms involved in the development of the compulsive and habitual aspects of drug and behavioral addictions. Perhaps one of the more interesting differences between the effects of D2-like agonists in laboratory animals and humans is the apparent divergence when it comes to their reinforcing effects. Although it is possible that D2-like agonists possess reinforcing effects in laboratory animals, but not humans, it is also possible that the response-maintaining effects observed in laboratory animals are mediated by other, direct effects of D2-like agonists. Thus, a series of experiments was designed to elucidate the variables that are involved in the response-maintaining effects of quinpirole in rats that have been trained to respond for cocaine. We first examined the influence of the stimuli that were previously paired with cocaine-reinforcement (CS) on the capacity of quinpirole to maintain responding in a direct substitution procedure, as well as whether quinpirole would maintain responding when substituted for cocaine on a previously unreinforced manipulandum (i.e. new response acquisition).
Finally, we determined whether the CS presentation was necessary and sufficient to establish the response-maintaining effects of quinpirole, after noncontingent administration of quinpirole before sessions in which responding resulted in the presentation of the CS only. Taken together, the findings of these studies suggest that the response-maintaining effects of quinpirole are mediated by an enhancement of the conditioned reinforcing value of the CS rather than by a primary reinforcing effect of quinpirole itself. Moreover, these studies suggest that the development and maintenance of compulsive behaviors in patients being treated with D2-like agonists, such as pramipexole and ropinirole, may be driven, at least in part, by a D2/D3-mediated enhancement of conditioned reinforcers associated with the problematic behaviors.
Methods

Subjects
Male Sprague-Dawley rats (350-375 g) were obtained from Harlan (Indianapolis, Indiana, USA) and maintained in a temperature-controlled and humidity-controlled environment, on a 12-h dark/light cycle with lights on at 07.00 h with free access to food and water. Twenty-four hours before the initiation of operant training, all rats were restricted to approximately 20 g of food per day, sufficient to maintain rats at approximately 80% of their free feeding weight for the duration of the experiments. All studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals, as adopted and promulgated by the National Institutes of Health, and all experimental procedures were approved by the University of Michigan Committee on the Use and Care of Animals. ketamine/xylazine [90 . 10 mg/kg; intraperitoneally (i.p.)] anesthesia. Catheters were tunneled under the skin and attached to stainless steel tubing, exiting the back through a metal tether button that was sutured to the muscle between the scapula. Rats were allowed 5-7 days to recover from surgery before the start of operant training. Catheters were flushed with 0.2 ml of heparinized saline (100 U/ml) before the start of each selfadministration session as well as after the completion of sessions to insure patency.
Apparatus
All experimental sessions were conducted in operant conditioning chambers (30.5 cm width Â 24 cm depth Â 21 cm height; Med Associates Inc., St. Albans, Vermont, USA) placed inside sound-attenuating cubicles. Each chamber was equipped with a nose poke device and a lever located on one wall (ENV-110M, ENV-114BM; Med Associates Inc.), and a white houselight located on the opposite wall. The nose poke could be illuminated with a yellow stimulus light, and a set of green, yellow, and red LED stimulus lights was located above both the nose poke and lever. Drug solutions were delivered by an air-driven pneumatic syringe pump (IITC, Woodland Hills, California, USA) through Tygon tubing connected to a stainless steel fluid swivel (Instech Laboratories Inc., Plymouth Meeting, Pennsylvania, USA) and spring tether, which was held in place by a counterbalanced arm. For food self-administration sessions, chambers were also equipped with a liquid food dipper with a 50 ml dipper cup (E14-05; Coulbourn Instruments, Allentown, Pennsylvania, USA).
Operant training procedures
Before any experimental manipulations, 15 groups of six rats were trained to nose poke for 0.56 mg/kg/injection cocaine on a fixed ratio (FR) 1 schedule of reinforcement, during daily 90-min sessions, and three groups of six rats were trained to respond for 10-s access to 50 ml of liquid food (Ensure, Abbott Laboratories, Columbus, Ohio, USA). Although levers were present in the chambers during training, lever responses had no scheduled consequence (inactive manipulandum). Illumination of the yellow nose poke light signaled cocaine (or food) availability, and subsequent nose pokes resulted in an injection (100 ml/kg/0.5 s), or 10 s access to liquid food. Injections were paired with the illumination of a green LED located above the nose poke, followed by a 5-s timeout (TO) during which time the houselight was illuminated, and all other stimuli were extinguished. Food presentation was also paired with the illumination of a green LED located above the nose poke as well as the illumination of a white light located inside the dipper aperture, and was followed by a 5-s TO during which time the houselight was illuminated, and all other stimuli were extinguished. During the TO periods, nose poke and lever responses were recorded but had no consequence.
After at least 10 sessions, and upon stabilization of responding, defined as three consecutive sessions with less than a 20% difference and no increasing or decreasing trend in responding, rats were randomly assigned to either substitution (11 groups of six cocaine-trained rats), or pretreatment studies (four groups of six cocainetrained rats, and three groups of six food-trained rats).
Substitution studies
To assess the influence of operant history and CS presentation on the capacity of quinpirole to maintain responding, 11 groups of six cocaine-trained rats were assigned to one of three conditions: 'CS-NS Substitution', where NS is a novel stimulus (three groups of six rats), 'No CS Substitution' (three groups of six rats), or 'New Response Substitution' (five groups of six rats). Substitutions were performed for 7 consecutive days, during which time nose pokes and lever presses were reinforced under a concurrent FR1TO5 (nose poke)/ FR1TO5 (lever) schedule of reinforcement (see below for specific contingencies). After substitutions, all rats were returned to the baseline schedule of reinforcement (nose poking on FR1TO5 for 0.56 mg/kg/injection cocaine) for a period of 5 days thereafter.
CS-NS Substitution
Substitutions were performed in three groups of six rats, with the illumination of the yellow LEDs inside the nose poke and above the lever signaling the start of the session. Nose pokes resulted in an injection of 0.56 mg/kg/injection cocaine (one group of six rats), 0.032 mg/kg/injection quinpirole (one group of six rats), or saline (one group of six rats), and all injections were paired with CS presentation (i.e. a 0.5-s flash of the green LED above the nose poke, and followed by a 5-s TO signaled by the illumination of the houselight). Lever presses now resulted in the presentation of an NS change (i.e. illumination of the green, yellow, and red LEDs above the lever, followed by a 5-s TO signaled by the flashing of the houselight at 1-s intervals).
No CS Substitution
Substitutions were performed in three groups of six rats. During the 'No CS Substitution', the start of the session was not signaled (i.e. the yellow LEDs inside the nose poke and above the lever were not illuminated). Nose pokes resulted in an injection of 0.56 mg/kg/injection cocaine (one group of six rats), 0.032 mg/kg/injection quinpirole (one group of six rats), or saline (one group of six rats), each followed by a 5-s TO although the CS was not presented in conjunction with injections (i.e. the green LED above the nose poke was not illuminated, and the houselight was not illuminated during the TO). Similar to the CS-NS Substitution, lever presses now resulted in a 5-s TO, however, no stimulus change was associated with this TO (i.e. unsignaled TO).
New Response Substitution
Substitutions were performed in five groups of six rats, with the illumination of the yellow LEDs inside the nose poke and above the lever signaling the start of the session. Nose pokes resulted in CS presentation, but no longer resulted in injections. Lever presses now resulted in the injection of 0.56 mg/kg/injection cocaine (one group of six rats), 0.032 mg/kg/injection quinpirole (one group of six rats), 0.0032 mg/kg/injection remifentanil (one group of six rats), 0.064 mg/kg/injection nicotine (one group of six rats), or saline (one group of six rats), and all injections were paired with the unfamiliar NS (i.e. a 0.5-s flash of the green, yellow, and red LEDs above the lever, followed by a 5-s TO signaled by the flashing of the houselight at 1-s intervals). Remifentanil, a m-opioid agonist, at a dose that has been shown to maintain responding in naive rats (Collins and Woods, 2007) , was used to assess the capacity of a novel drug reinforcer to maintain responding on a previously inactive lever. Nicotine, at a dose of 0.064 mg/kg/injection, was chosen based on its capacity to maintain responding for its injection, as well as for visual stimuli (Donny et al., 2003) .
Pretreatment studies
A total of four groups of six cocaine-trained rats, and three groups of six food-trained rats were used to investigate the influence of noncontingent quinpirole or cocaine on responding maintained by CS and NS presentation only. Pretreatments occurred immediately before seven consecutive sessions in which responding was reinforced under a concurrent FR1TO5/FR1TO5 schedule of reinforcement, with nose poke responding resulting in CS (CS or food-paired stimuli) presentation, and lever presses resulting in NS presentation. Two groups of six rats (one cocaine-trained and one food-trained) were pretreated with cocaine (10.0 mg/kg; i.p.), two groups of six rats (one cocaine-trained and one food-trained) were pretreated with quinpirole [0.56 mg/kg; subcutaneously (s.c.)], and two groups of six rats (one cocaine-trained and one food-trained) were pretreated with saline. Another group of six cocaine-trained rats were pretreated with quinpirole (0.56 mg/kg; s.c.) before sessions in which CS and NS presentations were omitted, and nose pokes and lever presses resulted in a 5-s unsignaled TO. The dose of cocaine (10 mg/kg; i.p.) was chosen based on its capacity to serve as a discriminative stimulus (Li et al., 2006) and reinstate responding for cocaine-paired cues (Lu et al., 2004) . The dose of quinpirole (0.56 mg/kg; s.c.) was chosen based on the fact that it corresponded to the lower end of the asymptotic portion of the correlation of total quinpirole intake, and CS-maintained responding as shown in Fig. 3 . In all cases, responding during TOs was recorded, but had no scheduled consequence. Upon completion of the pretreatment studies, all rats were returned to their training contingencies, and allowed to respond for 0.56 mg/kg/injection cocaine or food for a period of 5 days.
Drugs
Cocaine was obtained from the National Institute on Drug Abuse (Bethesda, Maryland, USA), remifentanil, purchased as Ultiva (GlaxoSmithKline, Philadelphia, Pennsylvania, USA), was obtained from the University of Michigan Hospital Pharmacy, ( -)-nicotine bitartrate, and quinpirole (trans-( -)-(4aR)-4, 4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazolo[3,4-g] quinoline hydrochloride) was purchased from Sigma Chemical Company (St. Louis, Missouri, USA). Nicotine doses are expressed as mg/kg of base, whereas doses of cocaine, remifentanil, and quinpirole are expressed as mg/kg of the salt. All drugs were dissolved in physiologic saline, and administered intravenously in a volume of 0.1 ml/kg over a period of 0.5 s. Pretreatments were administered in a volume of 1 ml/kg through the i.p. (cocaine) or s.c. (quinpirole) route.
Data analysis
Responses represent the mean ± SEM, n = 6, number of nose pokes or lever presses that occurred during the active portion of the sessions, but do not include responses made during reinforcement or scheduled TO periods. Significant differences in baseline responding or responding maintained during substitutions were determined using a two-way analysis of variance (ANOVA) with repeated measures and post-hoc Bonferroni tests (GraphPad Prism; GraphPad Software Inc., San Diego, California, USA) to assess differences in responding between the groups for each session. Significant changes in nose poke or lever responding over the 7 days of the substitutions were determined using a one-way repeatedmeasures ANOVA with post-hoc Dunnett's tests (GraphPad Prism) to determine whether responses on the nose poke or lever were significantly different from the baseline condition. Significant effects of pretreatment (cocaine or quinpirole) on responding for stimuli that were previously paired with reinforcement were determined using a two-way ANOVA with repeated measures and post-hoc Bonferroni tests (GraphPad Prism) to assess differences in responding for each session, as compared with salinepretreated rats. Similarly, significant differences in the effects of quinpirole pretreatment on responding that resulted in CS presentation or no stimulus change were determined using a two-way ANOVA with repeated measures and post-hoc Bonferroni tests (GraphPad Prism), to assess differences in responding between the groups for each session. Correlation of total selfadministered quinpirole dose and the number of nose pokes were fit with nonlinear regression, using a variable slope sigmoid equation (GraphPad Prism).
Results
Acquisition of responding for cocaine
Experimentally naive rats readily acquired nose poke responding for 0.56 mg/kg/injection cocaine, and generally reached stable responding within the 14 sessions (12.8 ± 0.2 sessions on average), with responding occurring Quinpirole-maintained responding in rats Collins and Woods 495 almost exclusively on the nose poke (28.9 ± 0.3 nose pokes vs. 0.3 ± 0.1 lever presses) during the last five baseline sessions. Similarly, responding occurred almost exclusively on the nose poke (27.9 ± 5.5 nose pokes vs. 1.6 ± 0.2 lever presses) during the last five sessions of the 14-day acquisition period for food-trained rats. These patterns of responding indicate that behavior was controlled almost entirely by cocaine injections during the baseline conditions.
Influence of CS
When cocaine (0.56 mg/kg/injection) was available for injection, nose poke responding occurred at baseline-like levels, regardless of whether or not the CS was paired with injection ( Fig. 1; top panels) . Responses occurred almost exclusively on the nose poke, and few were directed at the lever that now resulted in NS presentation. Substitution of saline for cocaine resulted in progressive decreases in the amount of nose poke responding during both the 7-day CS-NS [F(7,35) = 13.84; P < 0.001], and No CS [F(7,35) = 15.62; P < 0.001] Substitutions ( Fig. 1 ; center panels). However, when saline injections were paired with CS presentation, nose poke responding occurred at rates significantly greater than those maintained by 0.56 mg/kg/injection cocaine during the first substitution session (Fig. 1; center left panel) , an effect that was not observed when CS presentation was omitted ( Fig. 1; center right panel) . Moreover, although decreases in nose poke responding were observed in both the CS-NS and No CS Substitutions, significant decreases in nose poke responding were observed sooner when saline injections were not paired with CS presentation (second session), as compared with when saline injections were delivered in conjunction with CS presentation (fourth session). Slight increases in lever responses were observed during both saline substitutions; however, these low levels of responding were not significantly different from baseline, regardless of whether or not the NS was presented.
Unlike with the cocaine and saline substitutions, the presence or absence of CS had a dramatic effect on the amount of nose poke responding maintained by 0.032 mg/kg/injection quinpirole. When the CS was presented in conjunction with quinpirole injections, nose poke responding occurred at levels significantly greater than during the baseline condition [F(7,35) = 8.80; P < 0.001], with post-hoc analysis showing significant increases in nose poke responding during sessions 2-7, whereas lever responding was unaffected (Fig. 1; bottom left panel) . Alternatively, when quinpirole injections were not paired with CS presentation, responding on both the nose poke [F(7,35) = 6.3; P < 0.001] and the lever [F(7,35) = 2.47; P < 0.05] were significantly different from baseline (Fig. 1; bottom right panel) , with increased levels of lever pressing, and saline-like levels of nose poking, observed over the last 3 days of the substitution. Moreover, a twoway ANOVA showed significant main effects of both CS [F(1,60) = 28.15; P < 0.001] and time [F(6,60) = 4.52; P < 0.001], with significantly more nose pokes observed when quinpirole injections were paired with the CS during sessions 3-7 of the substitution, as compared with the No CS Substitution. Taken together, these findings not only suggest that the CS took on conditioned reinforcing properties after repeated pairings with cocaine injections, but also that response-maintaining effects of quinpirole are dependent upon a quinpirole-CS interaction, and only observed when quinpirole injections are delivered in conjunction with the CS.
New response acquisition
As shown in Fig. 2 , when cocaine injections were scheduled contingent upon lever responding, rats readily reallocated their responding from the nose poke to the lever. Lever responding was significantly increased [F(7,35) = 26.41; P < 0.001] from day 1 to 7, whereas nose poke responding was significantly decreased [F(7,35) = 20.37; P < 0.001] from day 2 to 7 of the substitution, as compared with the respective baseline levels of nose poke and lever responding. Baseline patterns of responding recovered when rats were returned to their original reinforcement schedule. Similar patterns of nose poke and lever responding were observed when 0.0032 mg/kg/injection remifentanil was substituted on the lever, after training for cocaine-reinforcement on the nose poke, with significant increases in lever presses [F(7,35) = 11.59; P < 0.001], and significant decreases in nose poke responding [F(7,35) = 7.08; P < 0.001], occurring over the course of the 7-day substitution.
When lever presses resulted in saline injections, after training for cocaine-reinforcement on the nose poke ( Fig. 2; left center panel) , the pattern of nose poke responding was similar to that observed during the CS-NS ( Fig. 1 ; center left panel), with nose poke responding during the first day of the substitution occurring at rates significantly greater than baseline, and progressive decreases in nose pokes for the remainder of the 7-day substitution [F(7,35) = 10.68; P < 0.001]. Similar to the CS-NS Substitution, rates of nose poke responding for CS presentation remained at, or above those maintained by 0.56 mg/kg/injection cocaine (baseline) for the first 3 days of the substitution, with significant decreases in nose poke responding observed from sessions 4-7. However, unlike the situation with the CS-NS, and No CS Substitutions, lever presses were also significantly different than baseline [F(7,35) = 3.67; P < 0.01], with elevated levels of responding observed during the first 3 days of the substitution, and baseline-like levels of lever responding, observed for the remainder of the 7-day substitution.
Unlike the patterns of responding observed when cocaine, remifentanil, or saline was available for injection, a different pattern of responding was observed when lever presses resulted in nicotine injection (0.064 mg/kg/injection), after training for cocaine reinforcement on the nose poke. Although lever presses were significantly increased when they resulted in nicotine injections [Fig. 2 , bottom right panel; F(7,35) = 7.78; P < 0.001], nose poke responding also remained elevated, and no different from baseline, throughout the 7-day substitution. A similar pattern of responding was observed when lever presses resulted in quinpirole injection. Lever presses remained low when they resulted in quinpirole injections paired with the NS, and nose pokes remained elevated when they resulted in CS presentation but no injection. However, unlike the stable rates of lever presses observed with nicotine, lever presses occurred at irregular rates when quinpirole was available for injection, and were not significantly different than during baseline when the lever was inactive. Moreover, although nose pokes were elevated for the first six sessions, a large decrease in nose poking was observed during the seventh session. Interestingly, the Quinpirole-maintained responding in rats Collins and Woods 497 amount of nose poke responding (that resulted in CS presentation) was highly correlated with the total dose of quinpirole earned during the session, with lower levels of lever pressing resulting in lower levels of nose poking, and higher levels of lever pressing resulting in higher levels of nose poke responding (Fig. 3) . Taken together, these patterns of responding indicate that although behavior was controlled almost exclusively by injections when cocaine or remifentanil were available, behavior was controlled by both the injection and CS presentation when nicotine was available, and primarily by CS presentation, rather than the injection, when quinpirole was available for injection. Figure 4 shows the effects of pretreatments with cocaine (10.0 mg/kg; i.p), quinpirole (0.56 mg/kg; s.c.), or saline on nose poke responding for the presentation of the CS, and lever pressing for NS presentation. When rats were pretreated with saline, nose poke responding for the CS persisted at baseline-like levels for the first three sessions, with progressive decreases in nose poke observed thereafter ( Fig. 4; center left panel) . Lever responding for the NS remained low, and was no different from baseline at any time. Nose poke responding for CS presentation was significantly higher than that observed Responding maintained during substitutions in which injections were paired with the NS, and delivered contingent upon a previously nonreinforced lever press response, whereas nose poke responses continued to produce the CS, but no longer resulted in injections. During the baseline portions of each experimental condition, nose pokes (black circles) resulted in 0.56 mg/kg/injection cocaine paired with CS presentation, and lever presses (open squares) were inactive. During the New Resp Sub, nose pokes (open dotted circles) resulted CS presentation, whereas lever presses (gray dotted squares) resulted in cocaine (0.56 mg/kg/injection), remifentanil (0.0032 mg/kg/injection), nicotine (0.064 mg/kg/injection), quinpirole (0.032 mg/kg/ injection), or saline paired with NS presentation. Responses represent the mean ± SEM (n = 6) number of nose pokes or lever presses made during the active portion of each 90-min session. *P < 0.05; **P < 0.01; ***P < 0.001; significant differences in the number of nose pokes during the substitution as compared to the number of nose pokes during the last baseline session ,as determined by one-way ANOVA with post-hoc Dunnett's tests. + P < 0.05; ++ P < 0.01; +++ P < 0.001; significant differences in the number of lever presses during the substitution as compared with the number of lever presses during the last baseline session, as determined by one-way ANOVA with post hoc Dunnett's tests. ANOVA, analysis of variance; 0.56 Coc, 0.56 mg/kg/ injection cocaine; CS, cocaine-paired stimuli; LEV, lever; 0.064 Nic, 0.064 mg/kg/injection nicotine; NP, nose poke; NS, novel stimulus; New Resp Sub, New Response Substitution; 0.032 QPRL, 0.032 mg/kg/injection quinpirole; 0.0032 Remi, 0.0032 mg/kg/injection remifentanil.
Effects of pretreatments on responding for CS presentation
in the saline-treated rats after the first two cocaine (10.0 mg/kg; i.p.) pretreatments [main effect of drug: F(1,60) = 21.85; P < 0.001; and time: F(6,60) = 20.84; P < 0.001], with progressive decreases in nose poke responding observed for the remainder of the 7-day manipulation (Fig. 4; top left panel) . However, unlike with saline, nose poke responding for the CS persisted at rates similar to those maintained by 0.56 mg/kg/injection cocaine throughout the 7-day cocaine pretreatment manipulation. Lever presses remained low, and were no different from baseline at any point.
Unlike the progressive decreases in CS-maintained responding observed after cocaine and saline pretreatments, when cocaine-trained rats were pretreated with quinpirole (0.56 mg/kg; s.c.) nose poke responding for CS presentation occurred at rates higher than those observed with either saline [main effect of drug: F(1,60) = 10.05; P < 0.01], or cocaine [main effect of drug: F(1,60) = 5.87; P < 0.05], with rates of nose poke responding for the CS significantly higher than those observed in saline-treated rats on days 2-6 of the manipulation (Fig. 4 ; bottom left panel). As with saline and cocaine pretreatments, lever presses remained low, and were no different from baseline at any point. The effects of quinpirole (0.56 mg/kg; s.c.) were also assessed during sessions in which CS and NS presentations were omitted after nose poke and lever responding, respectively (Fig. 4; bottom  right panel) . Unlike when nosepokes resulted in CS presentation, significantly lower levels of nosepoke responding were observed following quinpirole pretreatments when CS presentations were omitted, an effect that was dependent upon both CS [F(1,60) = 6.74; P < 0.05], and time [F(6,60) = 2.71; P < 0.05]. Although slight increases in lever pressing were observed, these low levels were not different than those observed during the baseline condition.
The effects of pretreatment with cocaine, quinpirole, or saline on nose poke responding for the food-paired CS, and lever pressing for NS presentation are shown in Fig. 5 . Pretreatment with saline resulted in a progressive decrease in nose poke responding for CS presentation (Fig. 5; center panel) . Although this pattern of responding was similar to that observed after saline pretreatments in cocaine-trained rats, CS-maintained nose poke responding was significantly lower than the rates of responding that were maintained by food, throughout the 7-day manipulation [F(7,35) = 61.62; P < 0.001], whereas lever presses remained low, and were no different from baseline at any point. Similar to the effects of cocaine on responding for the CS, pretreatment with cocaine (10.0 mg/kg; i.p.) resulted in significantly more nose poke responding for the food-paired CS after the first pretreatment, as compared with the saline-treated rats [Fig. 5; top panel;  main effect of drug: F(1,60) = 6.25; P < 0.05; main effect of time: F(6,60) = 15.27; P < 0.001], with progressive decreases in nose poke responding thereafter. Although the pattern of nose poke responding for the food-paired CS was similar to that observed when nose poke responding resulted in the CS, nose poke responding occurred at rates significantly lower than those maintained by food throughout the 7-day cocaine pretreatment manipulation. Lever presses remained low, and were no different from baseline at any point.
Unlike cocaine and saline, which had similar effects on nose poke responding for the presentation of CS and food-paired stimuli, a much different pattern of responding was observed after pretreatment with quinpirole (0.56 mg/kg; s.c.) when nose pokes resulted in the foodpaired CS (Fig. 5; bottom panel) . Unlike the high rates of nose poking that were observed when responding resulted in the CS, pretreatment with quinpirole failed to stimulate nose poking when responding resulted in the CS that was previously paired with food-reinforcement, with rates of nose poke responding at, or below those observed after saline pretreatment throughout the 7-day manipulation. Lever presses remained low, and were no different from baseline at any point. When taken together with the results of the substitution studies, these findings indicate that the response-contingent presentation of the CS is both necessary and sufficient for response-maintaining effects of quinpirole, with persistent enhancements in responding observed only if responding results in the presentation of the stimuli that had been previously paired with cocaine injection (but not food presentation); an effect that was observed after both response-contingent and noncontingent quinpirole administration. Nose poke (NP) responses that resulted in cocaine-paired stimuli presentation, as a function of the total self-administered dose of quinpirole resulting from lever presses during the New Response Substitution. Data were fit with nonlinear regression using a variable slope sigmoid equation (GraphPad Prism).
Discussion
Despite the fact that humans rarely abuse D2-like agonists, such as pramipexole or ropinirole, a wide variety of D2-like agonists have been shown to maintain responding when substituted for cocaine in monkeys, rats, and mice, suggesting that they possess reinforcing properties in laboratory animals. However, we have shown earlier that quinpirole will maintain responding in cocainetrained and remifentanil-trained rats, but not ketaminetrained or food-trained rats, or in rats with a history of noncontingent cocaine administration, suggesting that the response-maintaining effects of quinpirole are highly dependent upon reinforcement history (Collins and Woods, 2007) . The current studies extended these findings by showing that, although quinpirole maintained high rates of responding when injections were delivered in conjunction with the CS that was previously paired with cocaine-reinforcement, quinpirole failed to maintain responding if CS presentation was omitted, or if quinpirole was substituted on a previously unreinforced manipulandum. When taken together with the finding that increases in responding that was reinforced by CS Responses represent the mean ± SEM (n = 6) number of nose pokes or lever presses made during the active portion of each 90-min session. *P < 0.05; **P < 0.01; ***P < 0.001; significant differences in the number of nose pokes during the pretreatment phase of the cocaine-treated, or quinpiroletreated groups as compared with the number of nose pokes during the pretreatment phase of the saline-treated group, as determined by two-way repeated-measures ANOVA with post-hoc Bonferroni tests. Significant differences in the number of lever presses during the pretreatment phase of the cocaine-treated, or quinpirole-treated groups as compared with the number of nose pokes during the pretreatment phase of the saline-treated group, as determined by two-way repeated-measures ANOVA with post-hoc Bonferroni tests. # P < 0.05; significant differences in the number of nose pokes during the PT w/CS phase and PT No CS phase of the quinpirole-treated groups, as determined by two-way repeated-measures ANOVA with post hoc-Bonferroni tests. ANOVA, analysis of variance; 0.56 Coc, 0.56 mg/kg/injection cocaine; CS, cocaine-paired stimuli; LEV, lever; NP, nose poke; NS, novel stimulus; QPRL, quinpirole; TO, timeout.
presentation alone were observed after both contingent and noncontingent quinpirole administration, these studies suggest that the response-maintaining effects of quinpirole are primarily dependent upon an enhancement of the conditioned reinforcing effects of the CS, rather than a reinforcing effect of quinpirole. Moreover, the quinpirole-induced enhancement of conditioned reinforcement may provide valuable insight into the mechanisms that underlie the development and maintenance of compulsive or habitual behaviors associated with drug and behavioral addictions in humans.
It has been well established that the repeated pairing of discrete stimuli with reinforcers can result in the stimuli taking on conditioned reinforcing properties (Fantino and Romanowich, 2007; Shahan and Podlesnik, 2008) . With respect to drug reinforcement, conditioned reinforcers can aid not only in the acquisition and maintenance of drug self-administration behavior (Schenk and Partridge, 2001; Caggiula et al., 2002) , but they are also capable of maintaining responding when primary reinforcers are delivered infrequently (Goldberg et al., 1981) and reinstating responding in the absence of the primary drug reinforcer (Kruzich et al., 2001; .
Although the presence or absence of CS-injection pairings did not affect cocaine-maintained responding in animals that had already been trained to respond for cocaine, differences did emerge when cocaine was replaced by saline and rats were allowed to respond in the presence or absence of response-contingent CS presentations. For instance, when saline injections were paired with CS presentation (CS-NS and New Response), nose poke responding during the initial substitution session occurred at rates significantly greater than those maintained by the primary reinforcer (0.56 mg/kg/injection cocaine). This effect was not observed when saline injections were delivered in the absence of CS presentation (No CS), and the omission of CS also resulted in a more rapid decrease in nose poke responding in the absence of the primary reinforcer, with significant decreases in nose poke responding observed in the second session. Conversely, response-contingent CS presentation maintained nose poke responding at rates at, or above, those maintained by 0.56 mg/kg/injection cocaine, for at least three sessions; an effect that occurred whether saline injections were paired with CS presentation (CS-NS) or not (New Response, and pretreatment with CS in cocaine-trained rats). Taken together, these findings provide evidence that the repeated pairing of response-contingent cocaine with the CS during self-administration training was sufficient for the CS to acquire conditioned reinforcing properties, and that these conditioned reinforcing properties were sufficient to maintain responding for at least three consecutive sessions. Responses represent the mean ± SEM (n = 6) number of nose pokes or lever presses made during the active portion of each 90-min session. *P < 0.05; **P < 0.01; ***P < 0.001; significant differences in the number of lever presses during the pretreatment phase of the cocaine-treated, or quinpirole-treated groups as compared with the number of nose pokes during the pretreatment phase of the saline-treated group, as determined by two-way repeated-measures ANOVA with post-hoc Bonferroni tests. ANOVA, analysis of variance; CS, cocaine-paired stimuli; LEV, lever; NP, nose poke; NS, novel stimulus; QPRL, quinpirole.
Quinpirole-maintained responding in rats Collins and Woods 501 Despite the fact that the reinforcing effects of the CS seemed to decrease when it was no longer paired with cocaine, quinpirole administration resulted in robust nose poke responding for the CS that persisted throughout the 7-day manipulations, suggestive of an enhancement of the conditioned reinforcing effects of the CS. For instance, although quinpirole maintained high rates of responding when injections were delivered in conjunction with CS presentation, quinpirole failed to maintain responding, with saline-like rates of responding observed over the last 3 days of the substitution when the CS was not paired with quinpirole injection. Importantly, quinpirole (0.032 mg/kg/injection) also failed to maintain responding in naive rats even when injections were delivered in conjunction with the identical, but previously unpaired, stimuli (Collins and Woods, 2007) , suggesting that the quinpirole-CS interaction is only capable of maintaining responding if the stimulus has been previously paired with a reinforcing event (e.g., response-contingent cocaine administration). However, in these same studies, quinpirole also failed to maintain responding in rats with a history of noncontingent cocaine paired with the identical stimuli (Collins and Woods, 2007) , a classical conditioning paradigm that should have been sufficient to establish the conditioned reinforcing effects of the CS. Although this lack of effect is contrary to what would be predicted after the repeated pairing of visual stimuli (CS) with noncontingent cocaine (US), it is likely that the noncontingent cocaine-CS pairings were delivered too frequently (i.e. every 120 s; Collins and Woods, 2007) , as similarly frequent cocaine-CS pairings (on average every 90 s) have been shown to be insufficient to establish conditioned reinforcing effects (Kearns and Weiss, 2004) , whereas conditioned reinforcing effects have been observed when the cocaine-CS pairings have been separated by a longer period of time (i.e. on average every 900 s; Uslaner et al., 2006) . Although it is unclear whether quinpirole would enhance responding if noncontingent cocaine-CS pairings were separated by a longer period of time, the results of the current studies do suggest that the response-contingent cocaine-CS pairings were sufficient for the CS to acquire conditioned reinforcing effects, and that the quinpirole-induced enhancement of these conditioned reinforcing effects is responsible, in large part, for the response-maintaining effects of quinpirole in laboratory animals.
Further evidence for this notion was provided by the results of the New Response Substitution, in which injections, paired with the NS, were delivered contingently upon lever presses, and CS were presented contingent upon nose poke responses. When 0.56 mg/kg/injection cocaine or 0.0032 mg/kg/injection remifentanil was available for injection, rats readily reallocated their responding toward the lever, and away from the nose poke, an effect that was not observed when saline was available for injection. Conversely, when nicotine injections were contingent upon lever presses, relatively low, but stable, rates of lever responding were observed, whereas nose poke responding remained elevated despite the fact that nose pokes resulted only in CS presentation. Taken together, these findings indicate that rats are not only capable of learning a new response for novel drug reinforcer paired with NS, but that it is also possible to observe drug-CS interactions using this New Response Substitution. For instance, although the fact that both cocaine and remifentanil maintained almost exclusive lever pressing suggests that responding is being maintained by the primary reinforcing effects of cocaine and remifentanil, the persistence of nose poking for CS presentation during the nicotine substitution suggests something different. Similar to the findings of Caggiula et al. (2002) , the maintenance by nicotine of both lever pressing (for nicotine) and nose poking (for CS) suggests that nicotine possesses both a primary reinforcing effect, as well as a conditioned reinforcement-enhancing effect (Donny et al., 2003; Chaudhri et al., 2006; Palmatier et al., 2007) .
Interestingly, the pattern of responding observed when lever presses resulted in quinpirole injection and nose pokes resulted in CS presentation was more similar to that observed with nicotine than either cocaine or remifentanil. Although responding was less stable than nicotine-maintained responding, quinpirole did maintain low levels of lever presses, and elevated levels of nose poking throughout the substitution period. However, unlike nicotine, quinpirole-maintained lever pressing was no different from baseline at any point of the 7-day substitution, suggesting that the primary reinforcing effects of quinpirole were insufficient for rats to learn a new response for quinpirole injections paired with a novel stimulus, even in rats with a history of cocaine reinforcement. Although these findings could also be interpreted as a perseveration on the response that was previously reinforced, nose pokes (for the CS) were highly correlated with the total self-administered dose of quinpirole. These findings not only provide further evidence of the importance of the quinpirole-CS interaction for the response-maintaining effects of quinpirole, but also suggest that it may reflect a dose-dependent, and direct, effect of quinpirole on the conditioned reinforcing effects of the CS.
To further test this notion, nose poke responding for CS (either CS or food-paired stimuli) and lever pressing for NS presentation were evaluated for seven consecutive sessions after pretreatment with cocaine, quinpirole, or saline. In agreement with earlier reports showing the capacity of psychostimulants to enhance responding for conditioned reinforcers (e.g. Robbins, 1976; Beninger et al., 1981; Everitt and Robbins, 2000) , pretreatment with cocaine (10.0 mg/kg; i.p.) resulted in a significant, and selective, increase in responding for CS presentation, suggestive of a cocaine-induced enhancement of the conditioned reinforcing value of the CS. Despite the fact that cocaine enhanced responding for both CS and foodpaired stimuli, these effects were relatively short-lived, and were only observed during the first one (food), or two (cocaine) sessions in which cocaine was administered.
Compared with cocaine, pretreatment with quinpirole resulted in a more robust, and persistent enhancement of responding maintained by the CS, with selective elevations in nose poke responding observed throughout the 7-day manipulation. Moreover, these high rates of quinpirole-induced responding were dependent upon the presentation of the CS, as significantly lower levels of responding were observed when CS presentations were omitted. However, unlike the situation with cocaine, quinpirole failed to enhance responding that was maintained by the food-paired CS, suggesting that the quinpirole-CS interaction may be reinforcer-specific, as has been shown earlier for the response-maintaining effects of quinpirole in direct substitution studies (Collins and Woods, 2007) . Taken together with the results of the three substitution studies, these findings proved strong evidence that quinpirole is capable of producing a robust and persistent enhancement of the conditioned reinforcing value of CS regardless of whether or not it is delivered contingent upon responding.
Although these studies were primarily focused on the interactions between quinpirole and the CS associated with cocaine reinforcement, it is important to note that quinpirole has also been shown to maintain responding when substituted from, and delivered with, CS that have been paired with remifentanil reinforcement (Collins and Woods, 2007) , and enhance responding for CS that have been paired with water (Wolterink et al., 1993) . Although it is unclear why quinpirole had differential effects on responding for CS and food-paired stimuli in the current studies, it is likely that quinpirole is also capable of enhancing the conditioned reinforcing value of CS paired with other classes of drug and nondrug reinforcers. In addition, it is important to note that drug and behavioral addictions have been shown to be mediated by similar neural mechanisms (e.g. Potenza, 2008; Volkow et al., 2008) , and that cocaine-associated, gambling-associated, and food-associated cues have been shown to induce drug craving, gambling urges, and the desire for food, in cocaine abusers, pathological gamblers, and normal healthy individuals, respectively (Ehrman et al., 1992; Potenza et al., 2003; Wang et al., 2004; Crockford et al., 2005) , suggesting that conditioned stimuli may play a similar role in a variety of problematic, goal-directed behaviors. When taken together with the fact that D3 and D2/D3 antagonists are capable of inhibiting cueinduced reinstatement of responding for a variety of drugs of abuse in laboratory animals (Gilbert et al., 2005; Gal and Gyertyan, 2006; Cervo et al., 2007; Heidbreder et al., 2007) , the current finding that quinpirole, a D2/D3 agonist, is capable of producing a robust and persistent enhancement of conditioned reinforcing value of stimuli that were previously paired with cocaine, provides strong evidence that D2 and/or D3 receptors play an important role in the capacity of environmental stimuli to induce urges for drugs, gambling, food, or sex. Thus, the general finding that quinpirole enhanced responding for CS may provide valuable insights into the mechanism(s) responsible for the development of impulse control disorders in patients being treated with D2-like agonists, such as pramipexole or ropinirole (e.g. Voon et al., 2006; Weintraub et al., 2006; Voon and Fox, 2007; Weintraub, 2008; Wolters et al., 2008) , and suggests that the compulsive nature of these problematic, goal-directed, behaviors may be driven by an enhancement of the conditioned reinforcing value of environmental stimuli that have been associated with their past performance, just as quinpirole induced a robust, and persistent enhancement of the reinforcing value of the stimuli that had previously been paired with cocaine reinforcement.
